Editor: David R. Hilton Keywords: Dehydration Serpentinite High-velocity slip Fault strength Dynamic weakening of seismogenic fault Thermal pressurization High-velocity friction (HVF) experiments on serpentinite under conditions equivalent to large amounts of earthquake slip produced large volumes of water vapor derived from the frictional-heating-induced dehydration of serpentinite. Fourier Transform Infrared (FTIR) and thermogravimetry (TG)-Differential Scanning Calorimetry (DSC) microspectroscopic analyses show that the water in the slip zone and its bounding zones was released due to dehydration during the HVF experiments. Our experimental results demonstrate that (i) the run product consists of~10 wt.% molten materials with abundant vesicles and~90 wt.% fine-grained clasts; (ii) both serpentine and olivine minerals were melted during high-velocity slip (1.1-1.3 m/s); (iii) rapid serpentine dehydration occurred in a zone of up to~3 mm wide, including the slip zone and its bounding zones, accompanying frictional melting during high-velocity slip; and (iv) no distinct dehydration or frictional melting occurred during low-velocity slip (b 0.4 m/s). These findings show that dehydration reactions of serpentine can be caused by frictional heating that accompanies frictional melting in the slip zone, and by the rapid diffusion of frictional heat from the main slip zone to a wide zone bounded by the coseismic slip plane during seismic faulting. The present results reveal that the thermal pressurization caused by the dehydration of serpentine and frictional melting is a main mechanism that may lead to the dynamic weakening of seismogenic faults, thereby facilitating seismic slip during large earthquakes in subduction zones and along intracontinental faults that contain abundant hydrous minerals.
Introduction
Thermal pressurization has been proposed as a major mechanism of lowering the dynamic strength of faults during earthquake slip (e.g., Sibson, 1973; Lachenbruch and Sass, 1980; Andrews, 2002; Wibberley and Shimamoto, 2005) . A commonly invoked mechanism of thermal pressurization in this regard is a reduction in effective normal stress induced by the sudden increase in pore pressure that arises from the release of fluid via dehydration reactions (e.g., Meade and Jeanloz, 1991; Tibi et al., 2002) . In recent years, many experimental studies have suggested that thermal pressurization may result from mineral decomposition, such as the dehydration of serpentine or kaolinite (e.g., Hirose and Bystricky, 2007; Brantut et al., 2008; Viti and Hirose, 2010; Kohli et al., 2011) , the decarbonation of calcite or siderite (Han et al., 2007 (Han et al., , 2010 , and the dehydration of gypsum (Brantut et al., 2011) . Observations of natural seismogenic fault cores that contain fault gouges also support the supposition that dehydration reactions occur during seismic faulting (e.g., Famin et al., 2008; Hamada et al., 2009 Hamada et al., , 2011 .
Serpentine is closely associated with transform faults (e.g., Christensen, 1972; Francis, 1981; Moore and Rymer, 2007) and with seismogenic faults within subduction zones (Ulmer and Trommsdorff, 1995) ; indeed, the presence of serpentine minerals is considered to facilitate creep along the San Andreas Fault (Moore and Rymer, 2007) , thereby explaining its low fault strength (Wibberley, 2007) . In numerical modeling, heat diffusion is considered an important coupling factor of thermal pressurization, which occurs normally to the slip zone (Brantut et al., 2010) . Should serpentine dehydration occur due to frictional heating along seismogenic faults and should heat diffusion occur within a wide dehydration reaction zone bounded by the slip zone during earthquake slip, it is likely that a considerable volume of water would be released from serpentine-rich slip zones and their bounding zones. Thus, it is proposed that a rapid dehydration reaction involving serpentine would induce a sudden increase in fluid pressure that would simultaneously act to reduce the effective normal stress and markedly weaken the dynamic strength of seismogenic faults during seismic faulting. Chemical Geology 344 (2013) [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] To test this hypothesis, a low-to high-velocity rotary shear test apparatus (Lin, 2008) was used to conduct uniaxial high-velocity friction (HVF) experiments under conditions equivalent to large earthquake slip with various slip rates, using natural serpentinite samples from Nagano Prefecture, Japan. This paper describes the results of these experiments, which showed the instantaneous dehydration of serpentinite due to frictional heating along the simulated fault and heat diffusion within a wide zone bounded by the slip zone.
Experimental procedure and conditions

Test equipment
All of the present experiments on frictional-heating-induced hydration of serpentine were performed under dry conditions using a rotary-shear low-to high-velocity frictional test machine installed at Shizuoka University, Japan (Fig. 1 ). This machine contains two testing devices: a uniaxial rotary-shear low-to high-velocity friction device that lacks a hydraulic pressure vessel (as used by Lin and Shimamoto, 1998) , and a hydraulic friction apparatus with a controlling device for high pore-water pressure, attached to the uniaxial rotary-shear lowto high-velocity friction device ( Figs. 1 and 2 ). This device has a wide range of slip rates, from b10 cm/yr to 10 m/s, yielding mechanical data such as torque, the frictional coefficient, amount of axial shortening, normal stress and shear stress, pore-water pressure, frictional melt temperature, and displacement. The test equipment can be used to apply normal stresses up to approximately 100 MPa, close to the typical uniaxial strength of crystalline rocks, provided that anvil-shaped specimens are used. In practical use, however, it is only possible to apply normal stresses of b15 MPa because of the severe thermal fracturing of unconfined specimens that occurs upon frictional heating.
Experimental conditions
Serpentinite samples for the experiments, collected from Nagano Prefecture, central Japan, were free of visible cracks and consisted of 65% antigorite and~35% olivine, along with trace amounts of mafic minerals (Fig. 3) . The host rock is a simple compound of major antigorite and olivine minerals, so it is possible to estimate quantitatively the change in chemical compositions of run products.
Ten HVF experiments were performed at room temperature under dry conditions and with equivalent slip rates (Shimamoto and Tsutsumi, 1994; Lin and Shimamoto, 1998 ) of 1.10-1.31 m/s and normal stresses of 2-9 MPa (Table 1) . In such experiments, the slip rate varies from the inner to outer circumferences of the sample, so we used the equivalent slip rate (Veq), which is defined as Veq multiplied by the area of sliding equals the rate of frictional work. Assuming a constant frictional coefficient over the sliding surface, Veq for a cylindrical specimen of diameter r is given by Veq ¼ 4=3π r R where R is the revolution rate of the motor (Shimamoto and Tsutsumi, 1994) . Low-velocity (0.35-0.4 m/s) friction (LVF) experiments were Diagram showing the rotary-shear low-to high-velocity frictional testing machine equipped with a hydraulic pressure vessel. 1: specimen holder (one-axis rotary-shear specimen box); 2: pressure vessel for elevated pore-water pressure; 3-4: torque and axial force gauges; 4: electromagnetic clutch; 5: force gouge; 6: oil pressure cylinder; 7: servo-motor and gear system; 8: motor controller; 9: manual pump; 10: oil pressure pump; 11-12: manual oil pressure pump; 13: pressure generator system; 14-15: data recording system. This machine was installed at Shizuoka University, Japan, in early 2007. Fig. 2 . Close-up view of the specimen holder (a), configuration of the specimen set (b), and orientation of the thin section cut from the run products (c). The thin section is oriented perpendicular to the slip zone.
conducted for comparison with the results of the HVF experiments (Table 2) . A pair of cylindrical specimens (25 mm in diameter and 50 mm in length) was used in each experiment, with the circular interface between the two specimens being set as the slip plane (Fig. 2) . The sliding surfaces were polished with 1500# SiC powders. Because large normal stresses could not be applied to the simulated fault due to the limitations of the experimental apparatus, the HVF experiments were run over a period of~15-40 s, corresponding to displacements of 20-50 m. These displacements are comparable with those recorded during large-magnitude earthquakes (e.g., maximum displacements of 15-30 m have been reported for the 2001 M w 7.8 Kunlun earthquake (Lin et al., 2002) , the 2004 M w 9.0 Sumatra-Andaman earthquake (Subarya et al., 2006) , and the 2011 M w 9.0 Offshore Tohoku (Japan) earthquake (Yagi and Fukahata, 2011) ). In contrast, the total displacements over a period of~15-40 s in the LVF experiments were calculated to be 5-15 m. The frictional energy expended per unit area in the experiments under a slip rate of~1 m/s and a large displacement of up to 50 m is similar to that expended during a medium-to large-magnitude crustal earthquake (O'Hara et al., 2006) , at least in terms of slip velocity and stress drop (Kanamori and Brodsky, 2004) .
Serpentine dehydration phenomena were directly observed during the HVF experiments (1.10-1.31 m/s) through a transparent window cover on the experimental apparatus (Fig. 4) . The simulated fault began to produce water vapor and dust within 0.2 s of the initiation of fault motion (Fig. 4a) . Water vapor, accompanied by sparks and red melt material, was sprayed out from the slip zone, with some instantaneously cooling to water droplets (0.1-5.0 mm in diameter) on the transparent window cover (Fig. 4b-d) . The ejection of water vapor from the simulated fault continued until the end of each experiment, with the droplets on the window cover forming a band of 3-7 mm in width ( Fig. 4b-d) . In contrast, such water vapor and water droplets were not observed during the LVF experiments.
Results
Microstructures of run products
The slip zones that formed during the experiments ranged in width from 0.1 to 2.0 mm, consisting of numerous fractured fragments of olivine within a very fine-grained matrix that was too fine to enable the identification of minerals (Figs. 5 and 6), even by powder X-ray diffraction analysis. The olivine crystals abutting the slip zone were generally fractured, with numerous cracks infilled by molten run products containing fine-grained clasts, forming complex network veins branching from the main slip zone (Fig. 5a ). These veins resemble natural pseudotachylyte veins in their geometry and morphology (Lin, 2008) . In contrast, the antigorite crystals that abut the slip zone were mainly decomposed, without distinct cracks or fibrous textures as those observed in the host rock far from the slip zone (Figs. 5 and 6a-c). These textural features indicate that the serpentine crystals were decomposed in a narrow zone of b3 mm width, developed each side of the slip zone, within which the serpentine was subjected to dehydration reactions during the HVF experiments (see below for details).
Some molten run products were extruded from the simulated fault after 0.5 s of the onset of slip, occurring as irregular branch-like forms of b2 mm in diameter and up to 3 cm in length, showing flow structure and with a vitreous luster similar to that of fresh lava (Fig. 7a) . Molten material that includes numerous fine-grained clasts is generally heterogeneous in texture under the microscope, showing flow structure and containing numerous spherical to elliptical vesicles ranging in diameter from sub-micron size to 0.5 mm (Figs. 6d and 7b ). Such vesicular structures are considered to form via the extrusion of gas (water vapor) from a melt during frictional melting, as reported previously in both natural pseudotachylyte (e.g., Maddock et al., 1987; Lin, 1994 Lin, , 2008 Magloughlin, 2011) and experimentally generated pseudotachylyte (Lin and Shimamoto, 1998) . These structural features observed in the present experiments indicate that molten material formed and water vapor was released from the slip zone during the HVF experiments (Fig. 4) .
The vesicles and flow structures are observed in narrow zones of b3 mm wide bounded by antigorite crystals on each side of the slip zone (Figs. 5a and 6a-c) . The fibrous textures of antigorite crystals observed in the starting serpentine samples are not recognized in the dehydration zones that abut the slip zone (Figs. 5b and 6a-c).
Powder X-ray diffraction analysis
Two types of run products were analyzed by powder X-ray diffraction method: one is the molten material remained in the slip zone (HVF R001), and another is the molten material of run product extruded from the slip zone during the HVF experiment (HVF R012). For comparison with the run products, the host serpentinite sample and olivine mineral sample were also analyzed. Powder X-ray diffraction analyses reveal that the diffraction peaks of antigorite are absent from the spectra of the run products, even though antigorite made up~65% of the starting samples (Fig. 8 ). The integrated intensities of olivine peaks in the spectra for run materials ( Fig. 8c, d ) are slightly stronger than those for the serpentinite sample (Fig. 8a ). The diffraction spectra of both types of run products contain a distinctive, broad band ranging from 2θ values of 12°to 42°, comparable with that for a standard sample containing 5-10 wt.% glass (Fig. 8d-f ). These diffraction patterns are also comparable with the XRD spectra of standard samples analyzed for the quantitative calibration of glassy materials contained in the HVF experimentally generated pseudotachylyte, as reported by Lin and Shimamoto (1998) . This finding indicates that up to 10 wt.% glass or amorphous material formed in the run products that were extruded and remained in the slip zone during the present experiments, as observed under optical and electron microscopes (Figs. 5 and 6).
Chemical compositions
The bulk chemical composition of serpentinite samples used in the frictional experiments was analyzed by X-ray fluorescence (XRF) (sample Host1 in Table 2 ). For comparison with the run products, the chemical composition of serpentine and olivine minerals in samples of host rock (samples HS1-HS5 and HO1-2 in Table 2 ) was measured using an electron-probe microanalyzer (EPMA, JXA733). The chemical compositions of run products in the slip zone and in the dehydration zones (Fig. 5) were measured from a thin section oriented perpendicular to the slip zone, as shown in Fig. 3c (Tables 3-4) .
The molten materials derived from the slip zone are generally heterogeneous in chemical composition (Fig. 9, Table 3 ), which differs from the bulk composition of the host rock, and from that of serpentine and olivine minerals contained in the host rock, respectively (Fig. 9 , Table 2 ). The serpentine minerals in the dehydration zones (samples Dh1-Dh8 in Table 4 ) have a similar composition with that of serpentine minerals in the host rock with the sum of elements of 2.82-2.84 (Fig. 9 , samples HS1-HS6, in Table 2 ). The variation diagrams of major oxides show a characteristic change in SiO 2 , MgO, FeO, CaO and Al 2 O 3 components in the run products (Fig. 9) . Comparing with the dehydration zones, the molten materials in the slip zone have lower SiO 2 and Al 2 O 3 components and higher FeO component similar to that of olivine minerals contained in the host rock (Fig. 9) . The slip zone has a large variation range in CaO and FeO components which are generally higher than that of serpentine minerals contained in the host serpentinite. There is also a large variation range in MgO component of the molten materials. In contrast, there is a small variation range in MgO component in serpentine minerals contained in the host serpentinite and dehydration zone (Fig. 9) . The variations of chemical composition in the molten materials may be caused by friction melting of serpentine and olivine minerals, in which molten materials were not completely mixed and contaminated.
The analytical totals of the molten materials in the slip zone and serpentine minerals that abut the slip zone are up to >97.6-99.6 wt.% (Tables 3-4), higher than that of serpentine minerals in the host rock (samples HS1-HS6 in Table 2 ). These high total amounts can be interpreted as a result of water release from the slip zone and bounding zones due to the dehydration of serpentine minerals (see below for details).
Frictional coefficient and shortening amount
The frictional coefficient μ showed an immediate increase to 0.56 at the onset of slip, within the first 0.1 s of the experiments, but just as quickly dropped to a steady-state value of 0.23 prior to an elapsed time of 0.2 s during the HVF experiments ( Fig. 10a-b ). This pronounced peak in friction accompanied the outspray of water vapor and axial shortening of the sample within the first 0.2 s of each run. In contrast to the HVF experiments, during the LVF experiments the frictional coefficient μ increased to 0.57 within a 2.5-s period after 1 s of the onset of slip, and gradually dropped to a steady-state value of 0.28 prior to an elapsed time of~20 s, without distinct axial shortening in the first 60 s (Fig. 10c-d ). This result indicates that slip weakening occurred over a shorter period during the HVF experiments compared with the LVF experiments.
During the HVF experiment, axial shortening occurred in the first 0.5 s, and the shortening amount decreased slightly from 0.025 to 0.02 mm over a period of 4.5 s, which corresponds to the onset of extrusion of molten run materials from the slip zone (Fig. 10b) . Significant shortening occurred continuously from 5 s after the onset of high-velocity slip (Fig. 10a) , which corresponds to the period of extrusion of large amount of molten run products from the slip zone (Fig. 4) . In contrast, during the LVF experiments, shortening occurred after 61 s had passed since the initiation of slip (Fig. 10c-d) .
FTIR and TG-DSC analyses
To quantitatively analyze the water contents of the starting rock sample and the run products, we performed Fourier transform infrared (FTIR) and thermogravimetry (TG)-differential scanning calorimetry (DSC) spectroscopic analyses using Jasco FT/IR-300E and Netzsch STA 449C Jupiter apparatuses, respectively.
The run products of three HVF experiments (slip rate of 1.10 m/s and normal stresses of 2, 5, and 9 MPa, respectively) were selected for FTIR analysis, which was performed along profiles across the slip zone in thin sections of~0.25 mm thick. In the FTIR spectra, absorption bands are observed at the OH stretching region (3500-3700 cm −1 ) in the host serpentine sample but not in the slip zone ('run product' in Fig. 11 ). This result indicates that little water (OH) remained in the slip zone. The water contents were calculated using OH peaks at 3500-3700 cm −1 based on the method proposed by Beran and Libowitzky, (2006) . The calculated water contents are shown in Fig. 12 . The FTIR analyses show that no water occurs in the slip zone or in the adjacent dehydration zones, and the water content ranges from 0.5 to 15 wt.% in the host rocks (Fig. 12) . These results indicate that all of the water in the slip zone and adjacent dehydration zones (see Fig. 11 ). The DSC-TG spectra of the host rock sample reveal (i) a weight loss after heating of 6.9 wt.%, as determined by TG (Fig. 13a) ; and (ii) the heat flux during heating showed an endothermic peak at 550-700°C and an exothermic peak at 800-850°C (Fig. 13b) . The first peak was accompanied by a weight loss, indicating that it corresponds to a dehydroxylation reaction. The second peak was not accompanied by a weight loss, and its relation to the reactions is currently unknown. The host sample was heated a second time, from 25°C to 1050°C, showing no weight loss and no endothermic peak, confirming that the dehydroxylation was completed during the first heating. The EPMA analyses indicate marked differences in the analytical totals among the serpentine minerals of the host rock (Table 2) , the molten material remaining in the slip zone (Table 3) , and the dehydration zones (Table 4 ). The totals for the molten materials and dehydration zones that abut the slip zone are up to 97-99.5 wt.%, about 9-11 wt.% higher than that of the serpentine minerals of the host rock. Considering the presence of~35% olivine in the host rock sample, the differential amounts of 9-11 wt.% are comparable to the weight loss of 6.9 wt.% in the run products, including molten materials and fine-grained clasts of the host rock, as determined by TG (Fig. 13a) . Accordingly, the difference in analytical total reflects the release of water from the molten materials and from serpentine minerals that abut the slip zone, due to the dehydration of serpentine minerals. Fig. 13 shows the TG-DSC spectra of four run products, revealing that the total weight losses of water are 0.0 wt.% for samples No. 1 and No. 3, 7.3 wt.% for MH001, and 4.3 wt.% for MH002 (Fig. 14a) . Samples No. 1 and No. 3 show no significant endothermic peak at around 550-700°C (Fig. 14b) , indicating that the dehydroxylation reaction was completed in the HVF samples. In contrast, MH001 and MH002 show a weight loss and an endothermic peak at around 550-700°C (Fig. 14b) , similarly to the host rock (Fig. 13b) . This result suggests that the dehydroxylation reaction was not completed during the LVF friction experiment at a low velocity of 0.35 m/s.
Discussion and conclusions
Coseismic melting and dehydration reaction
The ejection of water vapor and the generation of vesicles within run products during the HVF experiments provide conclusive proof that water was released from the slip zone. The flow structures, the vitreous luster of run products (similarly to that of fresh lava), and X-ray diffraction patterns indicate the coexistence of abundant fluid derived from serpentine and frictional melt resulting from frictional heating in the slip zone. The absence of antigorite crystals in the X-ray diffraction spectra of run products can be interpreted as a result that antigorite crystals were completely broken down and/or melted by friction heating.
As shown in Fig. 9 , the molten materials have lower SiO 2 and Al 2 O 3 components and higher FeO component similar to that of olivine mineral contained in the host rock than that of serpentine mineral in the dehydration zone, and higher CaO and FeO components than that of serpentine contained in the host serpentinite. The FeO component of the molten materials is about 5~7 wt.% higher than that of serpentine minerals contained in the host serpentinite and the dehydration zones, which is similar to that of olivine mineral contained in the host rock (Fig. 9) . Furthermore, MgO and Al 2 O 3 components of the molten materials are locally similar to that of olivine mineral, higher than that of the host serpentine minerals contained in the host serpentinite and the dehydration zones (Fig. 9) . The higher FeO and MgO components of the molten materials than that of host serpentine are interpreted as the result that the olivine mineral was partially melted. Therefore, these textural and petrologic features including the chemical compositions of molten materials reveal that not only the serpentine but also the olivine minerals were melted by friction heating, and that a high temperature reached the bounding zones of the slip zone at which serpentine was involved in a dehydration reaction. Previous studies show that the high-velocity friction melting occurs in a chemically nonequilibrium process (Lin and Shimamoto, 1998; Lin, 2008) and that the melting or breakdown of serpentine mineral occurs at temperature of 400~600°C (Spray, 1992) . Thus, the serpentine and olivine minerals are considered to be melted at temperature of ≥melting points of these minerals. Based on the melting point (~1890°C) of olivine (Spray, 1992) , it is estimated that the temperature in the slip zone reached at least up to 1890°C during the HVF experiments.
Previous studies indicate that the dehydration of serpentine occurs at temperature of ≥500°C (Ulmer and Trommsdorff, 1995; Viti, 2010) to 856°C (Lange and Ahrens, 1982) . In previous HVF experiments using marble samples, direct thermometer-based measurements of temperature indicate that the slip-zone temperature can reach 600-900°C during the first 0.1 s of the experiment at a slip rate of 1.17 m/s (Han et al., 2007) . TG, DTG and differential thermal analyzer (DTA) analyses show that serpentine dehydration takes place between 550 and 800°C (Viti, 2010) . Calculation results for an HVF experiment on serpentinite at a slip rate of 1.1 m/s reveal that the flash temperature can rise bỹ 1250°C over a period of b 0.1 s (Hirose and Bystricky, 2007) and that the temperature can reach 550-1100°C within a narrow slip zone (b 3 mm wide) over a period of 2-3 s (Fukuchi and Imai, 2001 ). Furthermore, seismic data reveal that if the shear energy is constrained within 1 cm of the slip plane during seismic slip, the temperature can readily increase to 100-1000°C during a medium-to large-magnitude earthquake (Kanamori and Brodsky, 2004) . Thus, the temperature up to 1890°C in the present HVF experiments as documented above, within a dehydration zone of b2 mm in width (Fig. 12 ) and at slip rates of 1.10-1.31 m/s, is sufficient to induce the dehydration of serpentine.
The breakdown of serpentine to olivine + talc + water and the breakdown of talc to enstatite + quartz + water at 1 bar follow a second-order rate law (Bose and Ganguly, 1994) . The breakdown of antigorite in the present experiments is indicated by the consumption of antigorite and increased integrated intensities of olivine in the X-ray diffraction spectra for the run products, although talc could not be identified from the spectra. Direct observations made during the present experiments also demonstrate that serpentine dehydration reaction occurred within 0.2 s of the onset of slip. It is also possible that some gases such as boron contained in the host serpentinite were released during the dehydration (Boschi et al., 2008 ) although they were not detected in this study. Furthermore, the antigorite crystals observed in the dehydration zones that abut the slip zone show textural features indicative of decomposition, without the distinct cracks and fibrous texture observed in the starting sample of host rock (Figs. 5 and 6a-c) . This finding demonstrates that the serpentine dehydration reaction that occurred in a wide zone involving the slip zone was caused mainly by the diffusion of frictional heat from the slip zone. The dehydration reaction of water-rich minerals is also reported in the pseudotachylytes formed from host peridotites in various depths from brittle-dominated (Andersen and Austrheim, 2006) to ductile-dominated regimes (Ueda et al., 2008; Matysiak and Trepmann, 2012) . Our results support the idea that the diffusion of frictional heat is a major coupling factor of thermal pressurization caused by the dehydration of serpentine within seismogenic fault zone (Brantut et al., 2010) .
Mechanism of dynamic weakening
The dynamic weakening of faults during earthquakes is considered to result from several mechanisms, including friction melting (Spray, 1993; Hirose and Shimamoto, 2005; Di Toro et al., 2011) , the presence of S-C cataclasites (Lin, 1999 (Lin, , 2008 , the formation of fault gouge (e.g., Rice, 2006; Mizoguchi et al., 2007) , high transient stress existing at fault front (Dunham and Bhat, 2008) , rapid shear heating of pore fluids at stable creeping fault (Noda and Lapusta, 2013) , thermal pressurization (e.g., Lachenbruch and Sass, 1980; Wibberley and Shimamoto, 2005) , dehydration reactions involving water-rich minerals such as serpentine and kaolinite (e.g., Hirose and Bystricky, 2007; Brantut et al., 2008; Viti and Hirose, 2010; Kohli et al., 2011) as well as fault gouges present in seismogenic fault zones (e.g., Famin et al., 2008; Hamada et al., 2009 Hamada et al., , 2011 , thermal decomposition (Han et al., 2007) , and the dehydroxylation of mica minerals (Hirono and Tanikawa, 2011) . Each of these mechanisms is closely linked to frictional heating generated upon the fault plane during seismic slip. The frictional melt generated in the slip zone also plays an important role in lubricating the slip plane, thereby facilitating further slip along seismogenic faults during large earthquakes (e.g., Di Toro et al., 2011) . Although dynamic fault strength during frictional melting is commonly considered to be controlled by the development of a molten layer and by the viscosity of this layer (Spray, 1993; Hirose and Shimamoto, 2005) , the serpentinite dehydration may also be a main mechanism resulting in a dramatic increase in pore pressure that may lead to the dynamic weakening of seismogenic faults. The outspray of water vapor within the first 0.2 s of each run as observed during the HVF experiments indicates that the dehydration of serpentine occurred in the first 0.2 s. The fact that molten materials were squeezed out after 0.5 s after the onset of the slip from the slip zone as observed during the experiments reveals that a molten layer was produced in the same time as the water vapor within the slip zone during the first 0.5 s. These findings indicate that both water vapor and molten material were co-existed in the slip zone in the first 0.5 s of the run. It may be difficult to produce sufficient fault gouge material to affect the fault strength over a short duration of 0.2 s because of small amount of generated slip. Accordingly, the dramatic decrease in the frictional coefficient from 0.56 to 0.25 in the first 0.2 s after the onset of slip (Fig. 10a-b) can be interpreted as a result of thermal pressurization caused by the dehydration of serpentine that accompanies frictional melting during the HVF experiments. In contrast, similar weakening was observed in the LVF experiments, in which the frictional coefficient decreased from 0.55 to 0.25, but this took~10 s after the onset of run (Fig. 10c-d ). This may be interpreted as that enough amount of fine-grained material (fault gouge) formed in the slip zone which weakened the fault strength as proposed by previous studies (Rice, 2006; Mizoguchi et al., 2007) .
In the present study, it is considered that the main weakening mechanism of the simulated faults under conditions equivalent to large earthquake slip was the thermal pressurization caused by serpentine dehydration associated with frictional heating and melting, resulting in the excess saturation pressure of water vapor and fluid including melt in the slip zone. The theoretical calculation reveals that the conductive heat flow propagates radially from the center to the edge of annual conduit (Sleep, 2007) . The excess saturation pressure and radial heat flow convection may result in the extrusion of water vapor and fluid from the slip zone. Previous studies show that frictional heating would cause the fluid in the fault gouge to expand in volume much more than would be the solid cage (e.g., Sibson, 1973; Lachenbruch and Sass, 1980) . Thus, shear-induced dilatancy of the gouge overwhelms the thermal expansion effect and a pressure increased must be induced in the pore pressure (Rice, 2006) . The saturation pressure of water vapor is known to vary with the temperature of the vapor (Kaye and Laby, 1986) : when confined water is heated, the saturation pressure of water vapor (P) shows a rapid increase. Assuming ideal gas (water vapor) behavior, P = nRT/V, where n is the number of moles, R is the water vapor constant, T is absolute temperature (K), and V is the volume of water vapor. From room temperature (20°C) to 360°C, P increases by three orders of magnitude, from~10 −2 tõ 20 MPa (Kaye and Laby, 1986) . Theoretically, under the pressuretemperature conditions of seismogenic depths, the thermal expansivity of water is on the order of 10 −3 /°C, meaning that the increase in fluid pressure at the depths of hypocenters would be on the order of 1 MPa/°C (Lachenbruch and Sass, 1980; Kanamori and Brodsky, 2004) . Thus, the corresponding pressure of water vapor and fluid would be >20 MPa in a simulated fault zone under conditions equivalent to large earthquake slip, comparable to the stress drop that occurs during large earthquakes (O'Hara et al., 2006) . The amount of heat generated during the dehydration is estimated to be 3-4 kJ (Appendix A). In the present HVF experiments, the decrease in the average shortening amount in the first 5 s after the onset of slip can be interpreted as a result of pore pressure increase due to the thermal pressurization that accompanies frictional melting within the slip zone. The subsequent increase in the average shortening amount could reflect the extrusion of run products (including vapor, melt, and fine-grained materials) from the slip zone, as shown in Fig. 4 .
Our results support the idea that the thermal pressurization of fluid released by the dehydration of serpentine and friction melt plays an important role in the dynamic weakening of faults during seismic slip within seismogenic fault zones.
Tectonic implications
The present experimental results have significant implications for subduction zone earthquakes and transform faults such as the San Andreas Fault. Seismogenic faults within a subduction zone are generally associated with a mantle wedge composed of serpentinites that contaiñ 13 wt.% H 2 O (Ulmer and Trommsdorff, 1995) . Hydrous antigorite may play an important role in the transport of water into the earth when it enters a subduction zone. The present results show that the frictional heat generated upon a seismogenic slip plane under conditions of large earthquake slip can lead to melting in a seismic slip zone and the dehydration of serpentinite within a wide dehydration reaction zone (comprising the main slip zone and bounding zones) due to the diffusion of frictional heat from the slip plane, thereby increasing the pore pressure due to the thermal expansivity of fluid and water vapor. Furthermore, the frictional melt generated in the slip zone also plays an important role in lubricating the slip plane, facilitating further slip along seismogenic faults during large earthquakes (Di Toro et al., 2011) . Accordingly, our experiment results confirm that the serpentine dehydration that accompanies frictional melting results in a sudden increase in pore pressure, which in turn may lead to a reduction in the effective normal stress across the fault, in turn resulting in a marked reduction in the dynamic fault strength, thereby enabling further slip along the fault in a subduction zone.
This sequence of events might also influence the physics of earthquake processes within subduction zones, explaining the large seismic slip of >15-50 m generated by huge subduction-zone earthquakes such as the 2004 M w 9.4 Sumatra-Andaman earthquake (Subarya et al., 2006) and the 2011 M w 9.1 Tohoku Japan earthquake (Yagi and Fukahata, 2011) . In addition, if the large volumes of fluid released by the dehydration of serpentinites during huge earthquakes are concentrated upon and migrate along pre-existing fault zones to neighboring fault segments, such a sudden increase in fluid pressure would promote further brittle failure in barrier areas of seismogenic faults and in neighboring fault segments. The present results indicate that the dynamic parameters of seismogenic faults are strongly affected by serpentine dehydration during large earthquakes within subduction zones and along intracontinental faults that contain abundant hydrous minerals. 
